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Ce1-xZrxO2 ����� CO� �� SO2� ���	
��
 	� � �� ��� ��� �����. Ce1-xZrxO2 ��� Ce/

Zr ���� x=1, 0.8, 0.5, 0.2, 0  !" �#�� $���
% ��&'(400-450oC), ()*'(10,000-70,000 h−1) +,�

-. SO2/,0  	� �(S)12'� �3���. Ce1-xZrxO2��� 45��&'� 425oC "6
% ()*' 50,000 h−1

�� Ce0.8Zr0.2O27 Ce0.5Zr0.5O2 ��� SO2 /�0" 93%, 	� � 12' 98%� CeO2, Ce0.2Zr0.8O2 ��8� ���"

9:�. Ce1-xZrxO2��� Zr� ;<=" ><?�@ CeO2� �	A" ><B6
%, "C� D � E� FG�" H��

CeO2� Zr� ;<I
�J E�"K�" ><B6L MNO P
� QRS�. T ����� Zr� ;<��
 Ce-based �

�� UVE� �	  �WX� UVE� VY� ZE,� [\] ^W redox ��_�] `1? � Xa] bO���.

Abstract − The catalytic reduction of SO2 to elemental sulfur with CO over Ce1-xZrxO2 was studied. The Ce1-xZrxO2 cata-

lysts were prepared by changing the Ce/Zr mole ratio (x=1, 0.8, 0.5, 0.2, 0). The reactivity of Ce1-xZrxO2 in accordance with
experimental conditions, such as reaction temperature (400-450oC), space velocity (GHSV: 10,000-70,000 h−1) were investi-

gated. The conversion of SO2 and the selectivity to elemental sulfur in the recovery of elemental sulfur from SO2 using

Ce0.8Zr0.2O2 and Ce0.5Zr0.5O2 catalysts were respectively about 93% and 98% at temperature about 425oC, which were supe-
rior to other catalysts. It seems that the reactivity is influenced by the Ce/Zr mole ratio. From these results, it was concluded

that the oxygen mobility of catalysts was increased with inserting the Zr. Because the reduction of lattice oxygen and reoxi-

dation of Ce-based catalysts was improved by the adding Zr, it is possible to improve the redox characteristic.
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 h0@A K'� �.�i 9( ��/ N OQ �

 !":Rj9 Y�Zk5. lm Y�Z� OQ �  !":RJ H2,

CO, CH4 nQ ������ 4o .6& �6��(H2+CO)f 5X�

hp'( 9��i qrs�% SO2 hp� 4� p* "t uv wN

�Q DSRP(Direct Sulfur Recovery Process) #$9 xyZ� O5[2-5].
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SO2��� �� � ��	 
� Ce1-xZrxO2 �
���� 573
DSRP� qrCQ ��[�� �9��(Cu, Fe, Mn, Cr, Pd, Ag, Ni

f)t ���� qr� ]9 xyZ� O�� Bagllo fJ ��+4 �

9��t qrC ��� ���% SO2�5 
�� � =o� COS�

�.�5� �� � � O5[6-8]. lm�Q )* z{69 �J cerium-

based qr4 redox ���6t 9��i SO2( p* "BC wN�Q

��xy� ]9 ��Z� O5. Redox ���yQ  (1)7 I9 CO

H qr ��)*4 ��BC�� CO2.67 �� qr4 hp� 4�

qr��4 � )*��( �j?, <UOQ ��)* ��Q  (2)H

I9 SO2� '#� )*� 4o% )�ZU ��)*� 5� � �a

% SO2� uv p* "BC �hZQ ��95. ¡ redox ���y�%

Q <UOQ ��)*��� ¢6�BC ��&5.

2CO+2 O-catalyst lattice→2CO2+2 oxygen vacancy-catalyst lattice  (1)

SO2+2 oxygen vacancy-catalyst lattice→S+2 O-catalyst lattice (2)

9j redox ���y� 4� SO2( uv p* "BC �h�� ,�

i CeO2� Cu, Ni, Co ft £�� qr� xyZkB?, 9j qr(

9��i 400-500oC4 ���3 ��7 50,000 h−19s4 #¤�3�

% ��69 1N� ¥BC �¦V O5[9-10]. §¨ cerium9 ©6+


��)�e qr4 redox �6J qrªa nQ ��4 )� c hp

�6� «�% §$&5� ¬ N O5.

CeO2� Zr( £�/ 01 ��)*4 9­69 ®��Q ¥BC �

¦V OQ¯, ° xy�%Q Ce7 Zr( ©6+BC ����)�e�

% Ce/Zr ±<( ²��³ Zr4 �´� «µ Ce-based qr4 )� c

hp�6t ����, redox ���6BC�� SO2( p* "BC �

h�>� ,� �3, #¤�3 ¶�� Ce/Zr �´<4 l���t ��

�·5.

2. � �

2-1. Ce1-xZr xO2 �� ��

Ce1-xZrxO2 ����)�e qrQ citric complexation :RBC '�

�·5. Ce7 Zr4 ±<� «µ ��6t ���� ,o Zr4 �´<(

0.0, 0.2, 0.5, 0.8, 1.0BC �¸�·B?, Ce7 Zr4 ±<� «� �y�

(precursor)
 cerium nitrate hexahydrate [Ce(NO3)3·6H2O, Aldrich Chem.]

H zirconium nitrate oxide dihydrate [ZrO(NO3)2·2H2O, Kanto Chem.]

( citric acid [C3H4(OH)(COOH)3·H2O, Ducksan Chem.]H �� ®¹

N� º+» ¼
 ½ rotary vacuum evaporator�% 80oC�% 2�¤­

¾ ¿��� dehydration�·B? ÀÁ�Â ÃJ �Ät 100oC�% 24

�¤­¾ ���i solid foamst Åk5. ��& �y�( ��C� Æ

� 600oC�% 4�¤­¾ *6�³ Ce1-xZrxO2 ����)�e qr(

'��·5.

'�& qrj4 ªa�6t ���� ,�i XRD(D/MAX-2500,

Rigaku)H BET(ASAP 2010, Micromeritics)( 9��i §$y�( +

��� ªa�t Ç$�·5.

2-2. ���� 	 
�

qr��ÈÉt ,�i qr( Ê09 1/2 inch �ËÌ4 
Í�+�

0.2-0.4 g$3 º��·B? qrÎ�4 Ï�Q 150µm9�·� ��

�4 �3�¸J ��CH �3'U�( ���i �¸�·5. ��e


 SO2H CO��4 =´J �$& mass flow controller(Brooks MFC

5850E)( ���i CO/SO2 ±<( 2.0BC �¸�i Ð =´t 100-

200 ml/minBC �·5. ��� ;y�+�Q .6& p* "t ÑÒ/

N O3Ó "-ÔÕt {Ö�·B? ��sD4 ��e7 .6eJ ×�

33Ø;�(TCD: thermal conductivity detector)� {Ö& ��ÏCÙ

Ú¶ÛÜ(gas-chromatograph)( �-�
BC x§�i +��·5. Ce/Zr

4 �´<( ²��� Ce1-xZrxO2qr� ��i ���3( 400-450 oC,

#¤�3(GHSV)( 10,000-70,000 h−1C ²��>a% SO24 redox �

�� 4� ��Ý7 p* " Þß3( ���·5. SO2 �hÝ7 p*

" Þß3Q   (3)7   (4)H I9 $4�·5.

SO2 conversion= (3)

Sulfur selectivity= (4)

2-3. TPR/�
 ��

qr4 redox ���6BC )� c hp�6t WW CO-TPR

(temperature programmed reduction)7 SO2-)�ÈÉBC ���·5.

TPR/)� ÈÉJ Cahn-Balance( 9��i )� c hp� 4� qr

4 àÂ²�C�� )�/hp $3( +��·5. TPR ÈÉJ CO+,

��% ��� �3( s��% 800oCá� 6 oC/min4 �3C â��

i �3� �� àÂã*C�� qr4 hp�3H hp$3( Ç$�

·5. 9 ä 4 vol% CO(balance N2)( 50 ml/min4 =�BC å¦©k

5. )�ÈÉJ SO2+,��% ��� �3( 425oCC �$� ½ à

Â®�C�� qr4 )��3H )�$3( Ç$�·5. 9 ä 2 vol%

SO2(balance N2)( 50 ml/min4 =�BC å¦©k5. ÈÉ� Cahn-

Balance bowl� qr( 0.1 g$3 Æ� 250oC�% 2�¤­¾ N2 +,

��% �æ� �·5.

hp$3Q CeO24 9ç�
 hp´� �� hp��� 4� È'à

Âã*´t è+ÝC E)�·B?  (5)H I9 $4�·5. ¶��

)�$3Q hp�� qr(W0)� ��i )��� ½ qr4 àÂ(W)

( è+ÝC E)� éBC  (6)7 I9 �êÊk5.

hp$3(degree of reduction) = ×100 (5)

)�$3(degree of oxidation)= (6)

3. �� 	 
�

3-1. Ce1-xZr xO2 ��� ��� �� ���

Ce/Zr4 �´<( ²��³ '�� Ce1-xZrxO2 qr( ���i hp

'
 COH ��e SO2( ����Xç<(CO/SO2=2.0)C ¿��� #

¤�3(GHSV) 30,000 h−1�% ��ÈÉt N��·5. WW4 qr�

��i ���3 400, 425, 450oC�% ÈÉ� §7( Table 1� �ê

Êk5. ���3 400oC�% ëì Ce1-xZrxO2qr4 SO2 �hÝ9

10%9�C r1 íîB? 425oC�%Q ïN� CeO2Q SO2 �hÝ9

20%9�C íîB� Zr4 �´<� 0.2, 0.5
 Ce0.8Zr0.2O27 Ce0.5Zr0.5O2

qrQ SO2 �hÝ9 2 93%$3C �© �î5. �a Zr4 �´<�

0.8
 qr�%Q SO2 �hÝJ 40%$3C ��69 íî5. 450oC�

% CeO2 qr�%4 SO2 �hÝJ 68%$3C, �3 ®�� «� ��

�hÝ9 ®�Zk5. ZrO2( 'ð� WW4 qrjJ ���3� �

�ñ� «� SO2 �hÝ9 ®�ZkB? �», ­ò� ���3�%

Ce1-xZrxO2 qr4 Zr �´<� 0.2, 0.5
 qr�%4 �hÝ9 � �

î5. ïN� CeO2� Zr9 £�ó� «� ��69 ôsZk�� ¢6

t �� Ce�5 Zr £�´9 � ÏÂ ®��� «� SO2 �hÝJ í

��Q ¥BC �êõ5. 9ö� §7Q �÷´4 Zr9 Ce-based qr

� £�ZU ��)*4 9­6(oxygen mobility)� Ëôt ©U SO2�

hÝ9 ®�Z?, Zr9 � ]9 £�Za s��BC qr ¢6t ��

Ce4 �´9 øUj� äK� @»¦ SO2hp��4 ¢69 z�ót

SO2[ ]in SO2[ ]out–

SO2[ ]in

------------------------------------------- 100×

SO2[ ]in SO2[ ]out– COS[ ]out–

SO2[ ]in SO2[ ]out–
---------------------------------------------------------------------- 100×

 
àÂã*´

CeO2 �´×
 O2 +�´

                CeO2 +�´

W W0–

W0

------------------ 100×
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574 ������������������ ��!"
���� O5. �ù Zr£�� «µ qr4 ªa� ²�H SO2 �hÝ

7 sÌÌE( <ú�·B� Zr�´9 ®�/NÓ qr4 ªa�9

27.3, 55.9, 56.2 m2/gBC ®��·B� SO2 �hÝ4 ²�$3HQ ò

`�� ûî5.

9s4 §7C ¬ ä SO2 hpt ,� qr��4 ¢6J CeO24 �

´, Zr£�� «µ ��)*4 9­69 qr¢6� ü Ëôt [`Q

¥t � N Ok5.

�hÝ9 �{ �îý Ce0.8Zr0.2O2 qr( 9��i ���3 425oC

�% 200 min ­¾ SO2 �hÝ7 p* "4 Þß3( Fig. 1� �êÊ

k5. 425oC�% SO2 �hÝ9 93%$3C �Â =�ZkB? p* "

4 Þß3 þ� 98%9sBC �© �Â =�Zk5. CO� 4� SO2

hp��t 200 min ­¾ ���·B? <¢6�Q ÌÿZ� ûî�

���BC [´4 COS� .6Zk5. COS .64 01 redox ��

�yCQ 9ç�BC .6� N 8B� .6& p* "(S)9 ��e


COH ���i COS� .6�Q ¥BC ��&5.

��� ·½C qr4 e6²�� �o% ���� ,�i XRD +�

t N��·5. Ce0.8Zr0.2O2 qr4 ��� ·½4 XRD +�§7C �

�� ·½C §$y�4 ²�( Ìÿ/ NQ 8k5.

3-2. ���� �
� �� ����

Ce0.8Zr0.2O2, Ce0.2Zr0.8O2 � qr( ���i #¤�3� «µ CO�

4� SO2 hp��6t ���·5. ���3Q 425oC, ��eJ ��

��Xç<(CO/SO2=2.0)C �$�� #¤�3(GHSV)� 10,000-70,000

h−1C ²��³ ÈÉt N��·B?, ÈÉ§7C SO2 �hÝ7 p* "

Þß3( WW Fig. 2� �êÊk5. � qr ë� #¤�3� 10,000,

20,000 h−1�%Q SO2 �hÝ9 100% 9k��, 30,000, 40,000 h−1�%

Ce0.2Zr0.8O2 qrQ SO2 �hÝ9 40%9�C ��» ã*� �a�

Ce0.8Zr0.2O2 qrQ 50,000 h−1á� SO2 �hÝ9 90%9sBC =�Z

k5. #¤�3 ²�� «µ Ce0.8Zr0.2O2 qr4 p* " Þß3Q #

¤�3 10,000 h−1òäQ 80%$3·B� 20,000-70,000 h−1á� 95%

9sBC =�Zk5. Ce0.2Zr0.8O2 qr4 p* " Þß3Q #¤�3

30,000 h−1�% 95%$3C l� ét �êÊk�� 30,000 h−19� n

Q 9s4 #¤�3�%Q s��BC íJ p* " Þß3( �êÊ

k5. #¤�3� «µ CO� 4� SO2 hp���% SO2 �hÝ7 p

* " Þß3( ��BC ��� §7 Ce0.8Zr0.2O2 qr� #¤�3

50,000 h−1$3á� ��69 �Â =�Zk5. ¡, Ce1-xZrxO2 qr�

% Zr4 �´9 ®�/NÓ �J #¤�3 �,�%Q ��¢69 z

�ót �
/ N Ok5.

3-3. Ce1-xZr xO2 ��� �� ��

Ce-based qr4 redox ���y�% ¢6�J <UOQ ��)*�

��� 	% '�� � O5. qr4 ��)*Q hp'
 CO� 4o

% hpZU <UOQ )*��� �jU�? <UOQ )*��� SO2

4 )*� '#ZU qr��Q -)�Z? SO2Q hpZU p* "9

.6ZQ ���y95. ¡ CO� 4o �jU�Q <UOQ ��)*

��� ]tNÓ qr¢6J ®�&5. ° xy�% '�� Ce-based

qr
 Ce1-xZrxO2 qr4 CO� 4� hp�6t ���� ,�i TPR

ÈÉt N��·5. ïN� CeO2H Zr4 �´t �¸�i £��

Ce0.8Zr0.2O2, Ce0.5Zr0.5O2, Ce0.2Zr0.8O2 ¶�� ïN� ZrO2 qr( â

�hp�� §7( Fig. 3� �êÊk5. ïN� CeO2 qrQ 2 100oC

�%�� r1 

» hp� 4� àÂã*� ��ZU 800oC�% �

�àÂ4 0.8%$3� ã*Zk5. ZrO2Q 800oCá� P4 àÂã*�

ÌÿZ� ûîQ¯, hp9 �� òU�� ûJ ¥BC ��&5. ïN

� CeO2H ZrO2 qr( 'ð� �
� Ce1-xZrxO2 qrQ 100oC �m

�% 

» àÂã*� ��ZU 425oC �m�% ���Â àÂã*

Table 1. Effect of reaction temperature on the SO2 conversion and the sulfur selectivity of Ce1-xZr xO2

Catalysts
BET surface area

(m2/g)

Reaction temperature (oC)

400 425 450

Conv.(%) Selec.(%) Conv.(%) Selec.(%) Conv.(%) Selec.(%)

CeO2 10.6 1.4 100 16.6 100 68.5 97.9
Ce0.8Zr0.2O2 27.3 3.6 100 92.7 98.8 93.5 98.4
Ce0.5Zr0.5O2 55.9 2.7 100 92.6 98.7 93.3 98.4
Ce0.2Zr0.8O2 56.2 3.7 100 39.1 97.5 91.0 98.5
ZrO2 39.6 0.1 100 0.1 100 0.8 100

Fig. 1. Long-term stability on the SO2 conversion and sulfur selectivity
of the SO2 reduction by CO over Ce0.8Zr 0.2O2 catalyst (425oC,
30,000 h−1 (GHSV)), (����: conversion, ����: selectivity).

Fig. 2. Effect of space velocity on the SO2 conversion and sulfur selec-
tivity of the SO2 reduction by CO over Ce0.8Zr 0.2O2, Ce0.2Zr 0.8O2

catalysts (425oC, (filled symbols: conversion, open symbols:
selectivity)), (����: Ce0.8Zr 0.2O2, ���� : Ce0.2Zr 0.8O2).
���� �41� �5� 2003� 10�



SO2��� �� � ��	 
� Ce1-xZrxO2 �
���� 575
� ÌÿZk5. 100oC �m�%�� 

» àÂã*� ��ZQ ¥J

CO� 4� qrªa )*4 hp� 4� ¥9?, 425oC�% ���Â

òU� àÂã*Q qr��)*4 hp9 ��& ¥BC ��&5. 9

H IJ §7Q ���3� «µ SO2 hp �hÝ9 425oC$3�% l

�ét ��Q ¥7 àÌ�� ûB? Ce-based qr( 9�� SO2h

p��9 redox ���y� 4o% òUÃt -�
�³©Q §7� �

�5.

qr4 �69 CeO2
 qr4 hp9 s��BC r1 �Â òUõ

Q¯ <�i ZrO2� �� hpZ� ûîQ¯3 �y�� Zr9 £�&

qrjJ hp9 � ��Zk5. Zr4 £�´� «µ CeO24 hp$3

( Ìÿ�� ,�i TPR ÈÉ�% Ç$& àÂã*´t CeO24 �´

t ��BC 9ç�BC hp� 4� àÂã*� ��i È'àÂã*

´t E)�i W qr4 hp$3( Fig. 4� �êÊk5. Zr4 £��

«µ qr4 hp$3( <ú� §7 Zr4 �´9 �{ ]J Ce0.2Zr0.8O2

qr4 hpÝ9 �{ �î5. 9ö� §7Q Zr4 £�� 4o% ��

)*4 9­69 ®�ZU Ce-based qr4 ��)* hp�6t ôs

�³©Q ¥BC ��&5. Fornasiero f[11-15]J Ce-Zr mixed oxide

�% sub-lattice4 §$y�� ò¶öñ� 4o ��)*4 9­69 ®

��� hp +,��% qr ªa4 ��)*~� ��� qr Ê�

4 ��)*3 ªaBC 9­�i hp&5� �� � � O5.

§$y�4 ò¶öñt ���� ,�i '�& Ce1-xZrxO2 qrC

XRD +�t N��·B? +� §7( Fig. 5� �êÊk5. Zr £�

´9 ®��� «� fluorite y�4 Î:$E� $:$EC ��Q ¥

9 ÌÿZk5. 9Q Ce4+4 X9� �09 Zr4+ X9� �0�5 Ï�

äK� Ce4+9 Zr4+BC ̀ hóBC� §$y�� ò¶ö�� äKBC

�¦V O5[16].

¡, CeO2 ��BC OtäQ qrªa )*�9 hpZU hpÝ9

íJ ¥� <o Ce1-xZrxO2 ����)�eC �- / äQ qr Ê�

4 ��)*á� hpZU hpÝ9 �� SO2 hp��� ¢6�BC

���Q <UOQ ��)*��� ]tNÓ ��69 ôsót �


/ N Ok5.

3-4. Ce1-xZr xO2 ��� SO2� �� �
 ��

Redox ���y�% ��)*� hpZU .� � ��)* ���

SO24 )*( #��i )�ZQ �6t ���·5. CO( 9��i

425oC�% Ce1-xZrxO2 qr( 5�¤­¾ hp�³ ���)* ��(

�ì ½ 2 vol% SO2( 50 ml/min4 =�BC å¦ qr( )���5.

hp& qr4 SO2� 4� )�C�� qr4 àÂ ®��Þt Fig. 6

� �êÊk5. CeO2 qrH ZrO2J hp& $3� �k� äK� )

�� 4� àÂ®�� P4 8k5. ¶ö� CeO2� Zr( £�� Ce1-xZrxO2

qrQ ë� )��� ½ 10-15 min �� ½ �d� 3��Q $3C �

��3� �µ ¥BC �êõ5. ° xy4 ÈÉ7$�% hp&

Ce1-xZrxO2 qr4 )�� #�+,�4 s��%��3 ��ót �


�·5.

Fig. 3. TPR profiles of Ce1-xZr xO2 catalysts.

Fig. 4. Degree of reduction of Ce1-xZr xO2 based on CeO2 mole ratio.

Fig. 5. XRD patterns of Ce1-xZr xO2 catalysts calcined at 600oC.

Fig. 6. Degree of oxidation of Ce1-xZr xO2 catalysts.
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